Abstract High-quality NMR structures of the C-terminal domain comprising residues 484-537 of the 537-residue protein Bacterial chlorophyll subunit B (BchB) from Chlorobium tepidum and residues 9-61 of 61-residue Asr4154 from Nostoc sp. (strain PCC 7120) exhibit a mixed a/b fold comprised of three a-helices and a small b-sheet packed against second a-helix. These two proteins share 29 % sequence similarity and their structures are globally quite similar. The structures of BchB(484-537) and Asr4154(9-61) are the first representative structures for the large protein family (Pfam) PF08369, a family of unknown function currently containing 610 members in bacteria and eukaryotes. Furthermore, BchB(484-537) complements the structural coverage of the dark-operating protochlorophyllide oxidoreductase.
Introduction
The C-terminal domain of 537-residue protein BchB from Chlorobium tepidum (UniProtKB accession number Q9F715) and 61-residue protein Asr4154 (Q8YPN9) from Nostoc sp. (strain PCC 7120) belong to Pfam [1] protein family PF08369 ('PCP-red domain'), which currently contains 610 members from bacteria and eukaryotic organisms participating in 21 different unique domain organizations (architectures). However, the majority of the members (554) are found in only two of the 21 domain organizations: 484 sequences belong to PCP-red domains located C-terminally in a nitrogenase component 1 type oxidoreductase subunit (Pfam family PF00148), specifically a protochlorophyllide reductase subunit, and 70 sequences are expressed as single PCP-red domain proteins. Notably, the genome of C. tepidum encodes three paralogs of PCP-red domains [UniProtKB Q9F715(484-537), Q8KAN1(416-468) and Q8KCD9(170-214)], while the genome of Nostoc sp. encodes two paralogs [Q8YRK5(459-503) and Q8YPN9)].
In anoxygenic photosynthetic bacteria, light-independent protochlorophyllide reductases, also known as dark operative protochlorophyllide oxidoreductase (DPOR), catalyze the stereo specific reduction of the C17-C18 double bond of ring D of porphyrin in protochlorophyllide to form chlorophyllide [2] . In these bacteria, such as C. tepidum, DPOR is a hetero-octameric complex containing the three proteins BchL, BchN, and BchB [2] (in chlorophyll-synthesizing organisms the corresponding proteins are named ChlL, ChlN and ChLB [3] ) which are arranged such that two BchL 2 homodimers (functioning as an ATP-dependent electron carriers comprising [4Fe-4S] clusters [3] [4] [5] ) interact with one heterotetrameric (BchN/ BchB) 2 complex containing two [4Fe-4S]-clusters and two protochlorophyllide binding sites, respectively.
The X-ray crystal structures of the (ChlN-ChlB) 2 , (BchN-BchB) 2 -and [(BchN/BchB) 2 BchL 2 ] 2 complexes from, respectively, Thermosynechococcus elongatus [5] , Rhodobacter capsulatus [6] and Prochlorococcus marinus [7] shed light on the mechanism for the enzymatic reduction of protochlorophyllide to chlorophyllide, as well as their evolutionary relationship to nitrogenases [5] ; electrons are transferred from BchL 2 such that they reach the active site for protochlorophyllide reduction [3] . For the NMR structure of PCP-red domain BchB(484-537) presented in this paper, it is important to note that (1) the C-terminal residues of ChlB and BchB in the X-ray structures of (ChlN-ChlB) 2 and (BchN-BchB) 2 , which belong to a 52-residue linker and the PCP-red domain, could not be located in the electron density maps [3, 6] and that (2) the structure of the PCP-red domain in [(BchN/ BchB) 2 BchL 2 ] 2 differs slightly from the solution structure of BchB(484-537) (see below).
Proteins BchB(484-537) and Asr4154(9-61), which share 29 % sequence identity, were selected as targets of the Protein Structure Initiative (PSI) and then assigned to the Northeast Structural Genomics Consortium (NESG; http://www.nesg.org) for structure determination (NESG target IDs CtR69A and NsR143, respectively) as part of a cooperative inter-center effort aimed at providing structural coverage of large, uncharacterized protein domain families [8] . The two proteins belong to the two major domain organizations alluded to above (i.e. PCP-red domains located C-terminally to ChlB/BchB, or PCP-red domains expressed as single proteins). Since no atomic resolution structures were available when these targets were chosen, high modeling leverage [9] could be anticipated. Here, we report the high-quality solution NMR structures of BchB(484-537) and Asr4154(9-61), which represent the first structures available for Pfam family PF08369.
Materials and methods
BchB(484-537) and Asr4154(9-61) were cloned, expressed, and purified following protocols [10] [11] [12] Structure calculations were performed using standardized methods of the NESG consortium [18, 19] (http:// www.nmr2.buffalo.edu/nesg.wiki) and consensus analysis of automated NOESY cross peak assignments provided by the programs CYANA [20, 21] and AutoStructure [22] based on 1 H-1 H NOE-derived upper limit distance constraints, and back-bone and dihedral angle constraints derived from chemical shifts using the program TALOS? [23] for residues located in well-defined regular structural elements. Stereospecific assignments for methylene protons for BchB(484-537) were performed with the GLOMSA module of CYANA. The final structure calculation were performed on CYANA and XPLOR-NIH 2.20 for BchB(484-537) and Asr4154(9-61), respectively, followed by refinement in an 'explicit water bath' using the program CNS [24] . Structure validation was accomplished using the Protein Structure Validation Software (PSVS) server 1.3 [25] , and agreement of structures and NOESY peak lists was verified using the AutoStructure RPF 2.2.2 package [18] . The novel modeling leverage of the NMR structures of BchB(484-537) and Asr4154(9-61) was estimated using the program PSI-BLAST [26] as described is the Supplementary Material.
Results and discussion
High-quality solution NMR structures of BchB(484-537) and Asr4154(9-61) were obtained (Table 1) (Fig. 1) , consisting of three a-helices and a short two-stranded parallel b-sheet. The location of secondary structure elements are: b-strand 1 (487-488 in BchB/11-12 in Asr4154), a-helix I (490-497/14-22), a-helix II (501-518/27-42), b-strand 2 (522-523/46-47), a-helix III (525-536/49-61). Notably, a 3 10 -helix was observed for residues 24-28 in Asr4154(9-61) where Phe 25 and Phe 26, located right before a-helix II, adopt the backbone dihedral angles of a 3 10 -helix (/ = -60, w = -30 for the i ? 1 and i ? 2 residues, respectively), and a hydrogen bond is observed between the carbonyl oxygen of Pro24 and the NH of Arg 28, as expected for a 3 10 -helix, in all 20 members of the ensemble. The relative orientation of the a-helices resembles a bundle with the b-sheet being packed against a-helix II. As expected for 29 % sequence identity, the two structures are quite similar: the root mean square deviation (RMSD) calculated between the mean coordinates of the backbone heavy atoms N, C a , and C 0 of the regular secondary structure elements is 2.0 Å .
A search of the PDB [27] for structurally similar proteins using the DALI server [28] yielded a large number of hits spanning a quasi-continuum of Z-scores[4.0 (i.e.[122 and [322 for BchB(484-537) and Asr4154(9-61), respectively). This finding alone indicates that the rather simple three-helix bundle motif (Fig. 1) emerged several times independently during evolution. For BchB(484-537), the highest Z-scores were obtained for RuvB like proteins, i.e. domain II of holliday junction DNA resolvase RuvB from Thermatoga maritima (PDB ID: 1IN7, chain-A; Z-score of 7.3) and variants, domain II of Campylobacter jejuni holliday junction DNA helicase (PDB ID: 3PFI) and variants, and Pyrococcus horikoshii DNA polymerase II subunit (PDB ID: 2KXE). Likewise, for Asr4154(9-61) the highest scores were obtained for RuvB like proteins, i.e. domain III of human TIP49b (RuvB-like 2, PDB code 3UK6, chain-E; Z-score of 8.4), domain II of human RUVB-like1 (PDB ID: 2C9O) and its variants, and P. horikoshii DNA polymerase II subunit (PDB ID: 2KXE). Such RuvB like proteins are classified as AAA? ATPases, which are chaperonine-like ATPases associated with various cellular functions [29] . AAA? ATPases typically exhibit an ATP hydrolyzing N-terminal domain and a C-terminal domain with the interface between the two domains forming a binding pocket for ATP [29] . Specifically, a-helices of domain II of Thermatoga maritima RuvB [30] and domain III of human TIP49b [31] align structurally with a-helices I-III of BchB(484-537) and Asr4154(9-61) respectively. However, visual inspection shows that both proteins lack a polypeptide segment that could match the location of a-helix I in domain II of RuvB and domain III of TIP49b ( Supplementary Fig.  S5a and S5b). Hence, it appears likely that BchB(484-537) and Asr4154(9-61) do not bind ATP and are not functionally related to AAA? ATPases. This conjecture was confirmed by the observation that no backbone amide chemical shift perturbations are registered upon titration of BchB(484-537) with ATP ( Supplementary Fig. S6 ). Taken together, the DALI-based search for structurally similar protein did not result in additional insights into function.
Electrostatic surface potential calculations show that BchB(484-537) exhibits a mixed surface charge distribution (Fig. 1e) , and analysis using Mark-Us/SCREEN2 [32, 33] reveals the presence of a surface cleft 'C' (surface area 42 Å 2 ) formed between the three a-helices formed by residues Val 499, Val 503, Lys 506, Val 507, Lys 532, Leu 535, and Gly 536 (Fig. 1d) . Likewise, Asr4154(9-61) exhibits a mixed electrostatic surface distribution (Fig. 1k) which, however, is quite different from BchB(484-537). Moreover, the surface of Asr4154(9-61) does not exhibit any larger surface clefts. These findings indicate that BchB(484-537) and Asr4154(9-61) may function quite differently.
A structure based prediction of protein-protein interaction sites [34, 35] using the server PredUs revealed that BchB(484-537) may interact with other proteins (Fig. 1f) . Since it represents the C-terminal domain of full-length BchB forming (BchN-BchB) 2 in C. tepidum, it appears likely that BchB(484-537) interacts with the remainder of the (BchN-BchB) 2 complex. This view is supported by the X-ray crystal structures of the (BchN-BchB) 2 and (Table 1) . A spline curve was drawn through the mean positions of C a atoms of residues 487-537 with the thickness proportional to the mean global displacement of C a atoms in the 20 conformers superimposed in (a). d Surface and space-filling representations of the lowest-energy conformer of BchB(484-537) colored according to the degree of residue conservation. The default ConSurf color scheme for residue conservation is employed: burgundy for the strongest conservation and cyan for the highest variability. The surface cavity is labeled with a 'C'. e The electrostatic surface potential map of lowest energy NMR conformer. Positively and negatively charged regions are colored in blue and red, respectively, and the neutral regions are colored in white. f Surface and spacefilling representations of the lowest-energy conformer of BchB(484-537) colored according scores from PredUs prediction of regions potentially involved in protein-protein interactions: the default PredUs color scheme for residues with scores larger than zero are shown from light red to red with increasing score. g-l Show the same as in a-f but for Asr4154(9-61) (terminal residues 9-10 and 61-69 were excluded for clarity) Solution NMR structures 123
[(BchN/BchB) 2 BchL 2 ] 2 complexes from, respectively, R. capsulatus [6] (Fig. S7 ) and P. marinus [7] , when also considering that the PCP-red domains in these complexes exhibit 42 and 44 % sequence identity with BchB(484-537). First, prediction of protein-protein interaction sites based on the X-ray structure of (BchN-BchB) 2 from R. capsulatus (which does not contain the PCP-red domain) not only highlights surfaces involved in the hetero-tetramer formation but also additional smaller patches that might interact with the C-terminal PCP-red domain BchB(484-537) (patch 'P1' in Fig. S7 ) and/or BchL 2 (patch 'P2' in Fig. S7 ). Second, inspection the [(BchN/ Fig. 2 a The (BchN-BchB) 2 from R. capsulatus (PDB ID: 3AEK) was superimposed on the (BchN-BchB) 2 unit of P. marinus DPOR complex (PDB ID: 2YNM) and is shown as a space filling representation colored according to scores from PredUs prediction for regions potentially involved in protein-protein interaction (residues with scores larger than zero are shown from light red to red with increasing score; see Fig. S7 ). The patches labeled with 'P1' are close to Pchlide binding site and might interact with the PCP-red domains at different stages of the catalytic cycle (see text). The PCP-red domains of the P. marinus DPOR complex are displayed as ribbon drawings colored in gold, while other domains in the structure of the P. marinus DPOR complex are in gray. b Ribbon representation of the lowest energy conformer of BchB(484-537) (PDB ID: 2KRU; a-helices and b-sheet are represented in blue and cyan respectively) superimposed on crystal structure of PCP-red domain from P. marinus (2YNM, chain D; gold). The structures were superimposed according to DALI alignment by minimizing the RMSD of the C a atoms of the following residues: 490-497, 501-517, 525-534 of BchB(484-537) and 483-490, 494-510, 518-527 of P. marinus PCP-red domain. c Comparison of the backbone dihedral angels u and w observed in the BchB(484-537) solution NMR structure and the P. marinus PCP-red domain structure. The values of the ensemble of NMR conformers are shown in blue with boxes drawn around the observed range, and the values observed in the crystal structure are shown in red. While the polypeptide segment corresponding to b-strand 1 in BchB(484-537) is likewise in an extended conformation in the P. marinus PCP-red domain, this is not the case for the segment corresponding to b-strand 2 in BchB(484-537). The amino acid residue numberings for BchB(484-537) and the PCP-red domain from P. marinus are provided in black (bottom) and red (top), respectively BchB) 2 BchL 2 ] 2 complex structure from P. marinus (Fig. 2a) shows that (1) the corresponding patch 'P2' (Fig.  S7 ) does indeed interact with the BchL 2 dimer, and that (2) corresponding patch 'P1' is in close spatial proximity to the PCP-red domain albeit not identical with the actual interaction site. Notably, Moser et al. [7] suggest that the PCPred domain closes the substrate binding site at the BchNBchB interface to possibly prevent Pchlide-induced photodynamic damage. When considering the flexible nature of the linker (not located in the electron density map) attaching the PCP-red domain to the remainder of BchB, it may thus be that the PCP-red domain adopts different orientations at different stages of the catalytic cycle [3] [4] [5] . Moreover, superposition of the PCP-red domain structure of [(BchN/BchB) 2 BchL 2 ] 2 with the NMR structure of BchB(484-537) (Fig. 2b ) reveals that they are quite similar: the RMSD calculated for the backbone heavy atoms N, C a , and C 0 of the a-helices is only 1.15 Å . The only minor structural difference is related to the small b-sheet present in BchB(484-537) but not in the PCP-red domain from P. marinus (Fig. 2c) . This might be a consequence of the two proteins having different amino acid sequences (Fig. S8) .
Finally, the novel structural leverage, that is, the number of new protein structures that can be reliably modeled [9] using the experimental structures BchB(484-537) and Asr4154(9-61) is 391 and 260, respectively, when considering the 515 unique sequences of PF08369. Since the modeling families for the two structures overlap, they result in an estimated structural coverage of *80 % for PF08369.
